The heterodimeric cytokine interleukin 27 (IL-27) signals through the IL-27Rα subunit of its receptor, combined with gp130, a common receptor chain used by several cytokines, including IL-6. Notably, the IL-27 subunits p28 (IL-27p28) and EBI3 are not always expressed together, which suggests that they may have unique functions. Here we show that IL-27p28, independently of EBI3, antagonized cytokine signaling through gp130 and IL-6-mediated production of IL-17 and IL-10. Similarly, the ability to generate antibody responses was dependent on the activity of gp130-signaling cytokines. Mice transgenic for expression of IL-27p28 showed a substantial defect in the formation of germinal centers and antibody production. Thus, IL-27p28, as a natural antagonist of gp130-mediated signaling, may be useful as a therapeutic for managing inflammation mediated by cytokines that signal through gp130.
Type I cytokines, including interleukin 6 (IL-6; A004204), IL-12, IL-23 and IL-27, are related on the basis of structural motifs, a common four-helix bundle and shared use of receptor subunits 1 . These cytokines have many biological activities, but their diverse effects on the development of helper T cell subsets have received considerable attention. IL-12 promotes T helper type 1 (T H 1) cells; IL-6 and IL-23 are involved in differentiation into IL-17-producing helper T cells (T H 17 cells); and IL-27 antagonizes T H 1, T H 2 and T H 17 responses. These ligands signal through membrane-bound receptor complexes that include either gp130 (A001266) or IL-12Rβ1, which activate transcription factor STAT pathways 1 . Given the role of these cytokines in cell-mediated immunity, it is not unexpected that they are linked to the development of many autoimmune inflammatory conditions 2 . For example, IL-6 has been linked to control of the recruitment, activation and apoptotic clearance of leukocytes in inflammatory bowel disease, peritonitis, rheumatoid arthritis, Castleman's disease and asthma, which makes IL-6 a viable therapeutic target in these conditions [3] [4] [5] .
The receptor subunit gp130 is used by several cytokines, including IL-6, IL-11, IL-27, oncostatin M (OSM), leukemia inhibitory factor (LIF), ciliary neurotrophic factor, cardiotrophin 1 and cardiotrophinlike cytokine (CLC; also known as NNT-1 or BSF-3). Accordingly, these cytokines have similar functions, including induction of acutephase proteins 6 , stimulation of hematopoiesis 7, 8 and promotion of B cell development and antibody production [9] [10] [11] [12] . However, they also have distinct activities, owing to the use of unique receptor α-chains that pair with gp130 to form functional receptor complexes. For example, the single-subunit cytokine IL-6 binds gp130 in combination with either a membrane-bound or secreted version of the IL-6 receptor α-chain (IL-6Rα; A001265) 3, 4 . IL-27 is a heterodimeric cytokine composed of p28 (IL-27p28), which is a four-helix bundle protein similar to IL-6, and EBI3, which resembles secreted IL-6Rα 13 . IL-27 uses the unique receptor subunit IL-27Rα (A002911; also known as WSX-1 or TCCR), which pairs with gp130 to initiate signaling 13, 14 .
For the heterodimeric cytokines in the family described above (IL-12, IL-23 and IL- 27) , models available at present dictate that their secretion is dependent on regulated transcription of the subunits IL-12p35, IL-23p19 and IL-27p28, whereas the subunits p40 and EBI3 are constitutively expressed. For IL-12, this transcriptional regulation may explain why IL-12p40 is produced in excess of IL-12p35, which results in p40 homodimers that can function as IL-12 antagonists 15 . Although a disulfide bond links IL-12p40 with IL-12p35 or IL-23p19, it is unclear how the subunits of IL-27 interact, which suggests an alternative mechanism of folding and assembly 16 . Thus, p28 and EBI3 might be secreted independently, allowing association or pairing of each subunit with other proteins. That idea is supported by examples in which EBI3 and p28 are not expressed by the same cells 17, 18 , differences in the transcriptional regulation of each subunit 13, 19 and evidence that EBI3 and IL-12p35 can associate to form IL- 35 (refs. 20-22) . Nevertheless, on the basis of many bioassays 13 , no role for IL-27p28 has been reported. However, published work has 1 1 2 0 VOLUME 11 NUMBER 12 DECEMBER 2010 nature immunology A r t i c l e s shown that purified IL-27p28, like heterodimeric IL-27, is able to suppress IL-17 production by CD4 + T cells in vitro 23 . The basis for this effect is unclear, but it suggests that IL-27p28 could form a complex with EBI3 in culture to form IL-27 or that it could propagate an inhibitory signal on its own. Our studies reported here indicate that IL-27p28, independently of EBI3, blocked the ability of IL-6 to promote T H 17 responses and functioned as a natural antagonist of gp130 signaling mediated by IL-6, IL-11 and IL-27. Moreover, transgenic mice overexpressing IL-27p28 showed defective thymus-dependent B cell responses, associated with an inability to form germinal centers (GCs), and a lack of class switching and affinity maturation. Because many cytokines that use gp130 are linked with GC formation and the production of high-affinity antibodies [24] [25] [26] [27] , these results are consistent with a role for IL-27p28 in blocking these events and suggest that IL-27p28 can act as a natural antagonist of gp130 signaling.
RESULTS

EBI3 is not required for the secretion of IL-27p28
It is unclear whether IL-27p28 can be secreted independently of EBI3 under physiological conditions. Published studies have reported that overexpression of IL-27p28 by established cell lines leads to its secretion independently of EBI3 (refs. 13,28) . To determine if IL-27p28 can be secreted by primary cells in the absence of EBI3, we incubated bone marrow-derived macrophages and dendritic cells from wild-type and Ebi3 −/− mice with lipopolysaccharide (LPS), interferon-γ (IFN-γ) or a combination of these and assessed secretion of IL-27p28. As reported before 29, 30 , LPS and IFN-γ induced IL-27p28 secretion by wild-type bone marrow-derived macrophages and dendritic cells ( Fig. 1a ). In addition, these stimuli also resulted in equivalent production of IL-27p28 by Ebi3 −/− cells. We obtained similar results with other Toll-like receptor agonists, including CpG (data not shown). Furthermore, infection of wild-type and Ebi3 −/− mice induced detectable amounts of IL-27p28 in the serum, with the highest concentrations in the Ebi3 −/− mice ( Fig. 1b) . Together with reports that IL-27p28 and EBI3 can be regulated and produced differently by different cell types 13, [17] [18] [19] , the finding that IL-27p28 can be secreted in the absence of EBI3 suggests that this subunit may have additional IL-27-independent functions.
IL-27p28 is biologically active in the absence of EBI3
Under conditions in which transforming growth factor-β (TGF-β) plus IL-6 is used to induce T H 17 development, IL-27 antagonizes IL-17 production, and IL-27p28 alone also has a reproducible inhibitory effect 23 . However, it is unclear whether IL-27p28 binds to EBI3 present in the cultures to form IL-27, which suppresses T H 17 development. When we used splenocytes from Ebi3 −/− mice in this assay, IL-27p28 antagonized the production of IL-17 by wild-type and Ebi3 −/− CD4 + T cells under T H 17-inducing conditions (Fig. 1c) . Published studies have shown that TGF-β in combination with IL-6 or IL-27 can induce CD4 + T cells to produce IL-10 (refs. 31, 32); however, IL-27p28 alone or in the presence of TGF-β did not support the development of IL-10-producing T cells (data not shown). Furthermore, whereas stimulation of T cells with TGF-β plus IL-6 led to the production of IL-10, this was not affected by the addition of IL-27, but IL-27p28 resulted in a lower capacity of wild-type and Ebi3 −/− CD4 + T cells to make IL-10 under these conditions ( Fig. 1d ). Together these results indicate that the inhibitory effects of IL-27p28 are independent of EBI3 and that it has inhibitory activities distinct from IL-27.
IL-27p28 antagonizes IL-6 and IL-27 STAT signaling
As IL-27p28 can antagonize the ability of IL-6 to promote T H 17 differentiation or IL-10 production, we initially hypothesized that IL-27p28 alone could act in a manner analogous to IL-27 and induce STAT signaling to mediate these effects. Because IL-6 and IL-27 activate mainly STAT1 and STAT3, we assessed the ability of IL-27p28 to induce phosphorylation of these proteins in CD4 + T cells. A 15-minute incubation with IL-6 or IL-27 resulted in phosphorylation of STAT1 and STAT3, whereas IL-27p28 alone did not induce STAT phosphorylation ( Fig. 2a) . This result was consistent at multiple time points examined over a 2-hour period (data not shown). Because IL-6 and IL-27 signal through gp130, an alternative explanation for the inhibitory effects of IL-27p28 was competition with IL-6 for binding to gp130. Therefore, we tested the induction of phosphorylation of STAT1 and STAT3 by IL-6 in the presence of IL-27p28. Incubation of these two proteins together with CD4 + T cells led to much less phosphorylation of STAT1 and STAT3 ( Fig. 2a) . We obtained a similar result when IL-27p28 was incubated with IL-27 ( Fig. 2a) .
This effect was dose dependent and typically required a 5-to 50-fold excess of IL-27p28 ( Supplementary Fig. 1a ). Furthermore, phosphorylation of STAT3 by IL-11, a cytokine that uses gp130 but not IL-6Rα or IL-27Rα for signaling, was also lower after the addition of IL-27p28 ( Supplementary  Fig. 1b) . Moreover, when we incubated CD4 + T cells with 'hyper-IL-6' , a fusion protein consisting of human IL-6 and secreted IL-6Rα that can signal in trans through gp130 (ref. 33 ), phosphorylation of STAT1 and STAT3 occurred and this signaling was antagonized by the inclusion of IL-27p28 ( Fig. 2b) . Notably, the ability of IL-12, which does not signal through gp130, to phosphorylate STAT4 was not blocked by IL-27p28 ( Supplementary Fig. 1c ).
IL-27p28 antagonizes the interaction of IL-6 with gp130
The data reported above suggested that IL-27p28 inhibits IL-6 trans signaling by binding to gp130 and not by binding to IL-6Rα, thus limiting the availability of the gp130 receptor subunit for binding to hyper-IL-6. That led us to examine the structural basis for this inhibitory effect. Using the available crystal structure of the human IL-6-gp130 complex as a template, we constructed a three-dimensional model to assess whether IL-27p28 is able to bind gp130 without interacting with EBI3. On the basis of this model, we predicted that similar to IL-6, IL-27p28 would bind the immunoglobulin-like domain of gp130 using amino acid residues located in the AB loop of the protein (Fig. 2c) . The amino acid residues predicted to be critical for gp130 binding are Leu81 and Glu85. In this model, Leu81 interacts with Leu3 in gp130 and would result in greater hydrophobicity of IL-27p28 than the serine residue at this position in IL-6. Moreover, Glu85 (a leucine residue in IL-6) would form a salt bridge with the amino terminus of gp130 that is lacking when IL-6 interacts with gp130.
Although the model described above does not resolve whether IL-27p28 must associate with IL-27Rα to antagonize gp130-mediated A r t i c l e s signaling, the absence of IL-27Rα on T cells did not prevent IL-27p28 from inhibiting STAT phosphorylation in response to IL-6 (data not shown). What this model does indicate is that because of the greater hydrophobicity of IL-27p28 than IL-6, IL-27p28 is able to interact with gp130 in the absence of EBI3 and may antagonize the ability of IL-6, IL-11 and IL-27 to signal through the immunoglobulin-like domain of gp130. The model also suggests that IL-27p28 would not inhibit the effects of other cytokines such as OSM that use the cytokine-binding domain of gp130 (ref. 34 ). When we stimulated mouse embryonic fibroblasts with hyper-IL-6 or OSM, we observed STAT3 phosphorylation ( Fig. 2d) , and although the addition of IL-27p28 antagonized this response to hyper-IL-6, IL-27p28 did not inhibit STAT3 phosphorylation by OSM ( Fig. 2d) . To investigate the ability of IL-27p28 to block the interaction of IL-6 with gp130, we used surface plasmon resonance analysis. The combination of IL-6 and secreted IL-6Rα was able to interact with chip-bound gp130 and induce a binding-curve response (Supplementary Fig. 2 ). When we introduced IL-27p28 in this system, it resulted in dose-dependent inhibition of the ability of IL-6 and secreted IL-6Rα to interact with gp130. When we used IL-27p28 at a concentration that was tenfold excess relative to IL-6 and secreted IL-6Rα, we observed slightly slower association and faster dissociation as well as an overall lower affinity (lower association constant and higher dissociation constant) of IL-6-secreted IL-6Rα for gp130 ( Supplementary Fig. 2 ). This finding, along with the structural model, suggests that the ability of IL-27p28 to block gp130-mediated signaling is a consequence of a low-affinity interaction.
Analysis of mice transgenic for IL-27p28 expression
To examine the functional role of IL-27p28 in vivo, we cloned the mouse gene encoding IL-27p28 into an expression vector downstream of a regulatory element in which the immunoglobulin intronic heavy-chain enhancer and the proximal promoter for the gene encoding the kinase Lck are juxtaposed to drive expression in B cells and T cells 35 (Fig. 3a) . We digested plasmid DNA with the restriction enzyme NotI and microinjected the result into oocytes from female B6C3F1 mice fertilized by male C57BL/6J mice. We crossed the founder mice, which aged and reproduced normally, with C57BL/6J mice to form a stable line with transgenic expression of p28 (called 'p28-transgenic' here). We detected basal expression of IL-27p28 by intracellular staining in B cells and T cells from p28-transgenic mice but not in those from wild-type mice (data not shown); this subsequently increased after 48 h of stimulation of the B cell or T cell antigen receptor (Fig. 3b) . Those results were also reflected in the amount of IL-27p28 detected in supernatants of the cultures (Supplementary Fig. 3 ), but we did not detect IL-27p28 in supernatants of resting bone marrow-derived macrophages or dendritic cells from p28-transgenic mice (data not shown). The amount of IL-27p28 in the serum of naive p28-transgenic mice was 10-to 15-fold greater than that detected in the serum of naive wild-type mice (Fig. 3c) . Assessment of the lymphocyte compartment of p28-transgenic mice showed no difference in the number of mature B cells (Fig. 3d) or any defect in the developmental stages of B-2 cells in the bone marrow or spleen (data not shown). Similarly, the ratio of CD4 + T cells to CD8 + T cells (Fig. 3e) in the spleens of p28-transgenic mice was similar to that of littermate control mice. However, we noted a greater total number of CD4 + and CD8 + T cells in the spleens of p28-transgenic mice (Fig. 3f) , associated with more CD4 + T cells and CD8 + T cells with an activated phenotype (CD44 hi CD62L lo CD69 + ), than in wild-type mice ( Fig. 3g and Supplementary Fig. 4a ). Further comparison showed no difference in CD25 expression ( Supplementary  Fig. 4b) , the number of splenic Foxp3 + regulatory T cells ( Supplementary  Fig. 4c ) or production of IL-2, IFN-γ, IL-4, IL-17 and IL-10 after activation of splenocytes for 48 h with antibody to CD3 (anti-CD3) and anti-CD28 (data not shown). Nevertheless, we noted no overt signs of autoimmune disease in p28-transgenic mice as old as 1.5 years of age (data not shown). To determine if the phenotype of p28-transgenic CD4 + T cells complemented that obtained with recombinant IL-27p28 in vitro, we cultured CD4 + T cells from wild-type and p28-transgenic mice under T H 17-inducing conditions and measured IL-17. IL-17 production was limited by transgenic expression of IL-27p28 (Fig. 4a) , and p28-transgenic CD4 + T cells produced less IL-10 than wild-type cells did in response to TGF-β plus IL-6 or in response to IL-27 alone (Fig. 4b) . As seen with recombinant IL-27p28, overexpression of IL-27p28 by purified CD4 + T cells did not lead to phosphorylation of STAT1 or STAT3 over a 2-hour period of incubation ( Fig. 4c and data not shown), whereas preincubation of transgenic CD4 + T cells for 2 h in medium before the addition of IL-6 or IL-27 led to much less phosphorylation of STAT1 and STAT3 ( Fig. 4c and Supplementary Fig. 5a) . Similarly, after we stimulated p28-transgenic CD4 + T cells with IL-11, they had less phosphorylation of STAT3 than did wild-type CD4 + T cells (Supplementary Fig. 5b ). Together these studies indicated that IL-27p28 produced by transgenic cells was able to efficiently antagonize the activity of IL-6, IL-11 and IL-27 ( Fig. 1c,d) . Given the ability of IL-27p28 to antagonize the development of T H 17 cells in vitro, we assessed the capacity of IL-27p28 to inhibit the development of experimental autoimmune encephalomyelitis (EAE), a mouse model of this inflammatory disease of the central nervous system for which IL-17-producing T cells have been suggested to be a cause. We administered a plasmid containing cDNA for IL-27, IL-27p28 or a green fluorescent protein control to C57BL/6J mice 5 d before inducing EAE by immunizing the mice with a peptide of myelin oligodendrocyte glycoprotein amino acids 35-55. Consistent with the in vitro findings, expression of IL-27 greatly inhibited the onset and development of signs of disease in this model, whereas expression of IL-27p28 resulted in a modest delay in the onset and severity of disease relative to that of mice expressing the green fluorescent protein control (Supplementary Fig. 6 ).
Overexpression of IL-27p28 limits B cell responses
Many cytokines that use gp130 influence the adaptive immune response, including B cell development and antibody production 10-12 . Examination of antibody production showed that naive p28-transgenic mice had a substantially lower total number of cells secreting immunoglobulin M (IgM) and IgG in the spleen and bone marrow than did wild-type mice (Supplementary Fig. 7a,b) , which suggested a role for IL-27p28 in the regulation of B cell responses in vivo. We used several experimental systems to evaluate whether overexpression of IL-27p28 could influence antibody production after immunization with thymus-independent and thymus-dependent antigens, which allowed us to delineate many aspects of the B cell response, including extrafollicular IgM production, GC formation and antibody class switching and affinity maturation.
To examine IgM production, we immunized wild-type and p28transgenic mice intraperitoneally with either the thymus-independent antigen NP-Ficoll (2,4 dinitrophenol (NP) conjugated to Ficoll) in saline or the thymus-dependent antigen NP-CGG (NP conjugated to chicken γ-globulin) in alum and counted antigen-specific antibodysecreting cells by enzyme-linked immunospot assay. There was no substantial difference in the number of NP-specific IgM-secreting cells detected in the spleens of wild-type and p28-transgenic mice (Fig. 5a,b) . Thus, transgenic expression of IL-27p28 does not affect the ability of B cells to mount an IgM-specific antibody response to thymus-independent or thymus-dependent antigens.
On day 14 after immunization with NP-CGG, wild-type mice were able to effectively generate a low-affinity NP-specific IgG1 response as assesed by binding to NP 33 -BSA (33 molecules of NP per molecule of bovine serum albumin (BSA)), whereas we detected no antigenspecific IgG1-secreting cells in the spleens of p28-transgenic mice (Fig. 5c) . Moreover, assessment of affinity maturation at this time point indicated the presence of IgG1-secreting cells specific for NP 4 -BSA in the spleens of wild-type mice but not those of p28-transgenic mice (Fig. 5d) . When we measured the NP 33 -and NP 4 -specific IgG1 A r t i c l e s responses in bone marrow at day 14 after immunization, we observed neither low-affinity nor high-affinity antigen-specific IgG1-secreting cells in p28-transgenic mice (Supplementary Fig. 8a,b ). There were also significantly fewer antigen-specific IgM secreting cells in the bone marrow (P = 0.0003; Supplementary Fig. 8c) . At day 56 after immunization, the NP 4 -specific IgG1 response remained deficient in p28-transgenic mice, in contrast to the response of their littermates (data not shown). One possible explanation for this phenotype is that there was lower survival of antibody-secreting cells in p28-transgenic mice; however, we observed no difference between naive or immunized wild-type and p28-transgenic mice in terms of B cell death in the spleen (data not shown). Furthermore, we detected no NP-specific IgG antibodies in the serum of p28-transgenic mice at day 7 or 14 after immunization (Supplementary Fig. 8d ), which suggested that IL-27p28 does not result in lower survival of antibodysecreting cells but instead prevents their development.
To determine the basis for the antibody defect in the models described above, we visualized GCs in the spleen by their binding to peanut agglutinin (PNA); this demonstrated normal splenic architecture in naive wild-type and p28-transgenic mice (Fig. 6a) . However, whereas wild-type mice showed typical GC formation and structure at day 14 after immunization with NP-CGG, p28-transgenic mice failed to generate GCs, given the absence of PNA + B cells inside the follicle (Fig. 6a) . As the NP response in C57BL/6J mice is idiotypically restricted 36 and is characterized by the use of the λ1 light chain, expression of the λ-chain can be used as a surrogate marker for NP specificity to allow counting of NP + λ + PNA + GC B cells. Naive wildtype and p28-transgenic mice showed very few if any NP + λ + PNA + GC B cells in the spleen. There was expansion of this population in wild-type mice at day 14 after immunization with NP-CGG (Fig. 6b,c) , but immunized p28-transgenic mice showed minimal population expansion of NP + λ + PNA + GC B cells (Fig. 6b,c) . Furthermore, immunization with another thymus-dependent antigen, keyhole limpet hemocyanin in complete Freund's adjuvent, resulted in the population expansion of GC B cells and class-switched antibody to keyhole limpet hemocyanin in wild-type mice but not in p28-transgenic mice (Supplementary Fig. 9 ). Together these data indicate that overexpression of IL-27p28 does not affect thymus-independent responses but has a distinct effect on formation of GCs in response to immunization with thymus-dependent antigens.
DISCUSSION
The findings reported here indicate a previously unappreciated role for IL-27p28 as a natural antagonist of gp130-mediated signaling in response to IL-6, IL-11 and IL-27 and highlight the increasingly complex biology of the IL-27 subunits. There are many endogenously produced antagonists of cytokine receptors, including IL-12p40 homodimers 15 , the soluble IL-1 receptor antagonist and IL-18-binding protein, which antagonize the activity of IL-12, IL-1 and IL-18, respectively 37 . In addition, surface-bound or soluble IL-13Rα2 serves as a decoy receptor for IL-13 binding and functions to regulate T H 2 responses 38 . The data presented here suggest that IL-27p28 can be added to this list of cytokine antagonists. Although IL-27p28 and EBI3 are known to form IL-27, they can show different patterns of transcription in response to some stimuli 13, 19 . Additionally, the kinetics of their expression differ after activation of monocyte-derived dendritic cells; IL-27p28 expression peaks early after activation, whereas EBI3 expression is sustained and peaks later 13 . These observations suggest that the individual subunits of IL-27 can have distinct functions. Accordingly, EBI3 binds to IL-12p35 to form IL-35, a cytokine associated with regulatory and effector T cell function 20, 21 . Also, there are reports indicating that IL-23p19 binds to EBI3 (ref. 1) and that IL-27p28 binds the receptor-like protein CLF 39 ; however, whether these complexes form in vivo is unclear. These findings further emphasize the complex combinatorial biology of this family of cytokines and raise questions about whether other subunits in this family have additional biological activities.
Although it is recognized that gp130 is a key receptor subunit for many cytokines, there is still much to learn about the interaction of various ligands with this receptor. Whereas IL-27p28 does not seem able to bind IL-27Rα alone 13 , the nature of the interaction between IL-27p28 and gp130 remains unclear. A published report has shown that a recombinant protein composed of gp130 and the Fc fragment does not interfere with IL-27 signaling, which suggests that IL-27 must form a complex with IL-27Rα before interacting with gp130 (ref. 40) . Similarly, IL-6 has been shown to be unable to solely bind gp130 (refs. 9, 41) . However, the model described here does indicate that IL-27p28, similar to IL-6, was able to interact with the immunoglobulin-like domain of gp130 and did so without associating with EBI3. The differences between the association of IL-27p28 with gp130 and that of IL-6 with gp130 were due to two differences between IL-27p28 and IL-6 in amino acids in the AB loop that result in greater hydrophobicity of IL-27p28 and thus its affinity for gp130. Notably, it has been shown that alterations in the AB loop of human IL-6 contribute to the ability of mutant forms of IL-6 to antagonize wild-type IL-6 activity 42 . Furthermore, modeling studies incorporating fluorescence-correlation spectroscopy have proposed that a gp130 homodimer first binds one IL-6-IL-6Rα complex and then engages a second IL-6-IL-6Rα complex at higher ligand concentrations 43 . One possibility for the inhibitory activity of IL-27p28 is that it may act at the transition binding state, which would indicate that IL-27p28 would block binding of a second IL-6-IL-6Rα complex 43 . Regardless of which is true, a definitive crystal structure is needed to elucidate how IL-27p28, alone or as part of IL-27, interacts with gp130 to further determine how this subunit antagonizes signaling through gp130.
Published studies have indicated that gp130 signaling cytokines are necessary for the population expansion, differentiation and antibody production of B cells [9] [10] [11] [12] . Therefore, on the basis of those findings, we investigated the ability of IL-27p28 to antagonize antibody production in response to immunization with thymus-independent and thymus-dependent antigens. Although we observed no defect in IgM production, mice with transgenic overexpression of IL-27p28 had a severe defect in forming GC reactions and IgG class switching in response to immunization with two different thymus-dependent antigens. Together these results suggest that IL-27p28 is a natural antagonist of gp130mediated GC formation and the development of antigen-specific antibody production in response to thymus-dependent antigens. However, our experiments did not provide a clear indication of which cytokine IL-27p28 blocks in vivo, and there are many potential candidates, including IL-6, CLC and LIF. For example, the original characterization of Il6 −/− mice indicated that after infection with vesicular stomatitis virus and vaccinia virus, Il6 −/− mice produce five-to tenfold lower virus-neutralizing IgG titers, whereas IgM titers are similar to those of control mice 44 . Furthermore, Il6 −/− mice immunized with NP 36 -CGG form fewer and smaller GCs and are less able to mount an antigen-specific IgG response 45 . Also, mice with transgenic expression of a dominant negative version of gp130 show a defect in antigen-specific antibody production for most isotypes other than IgM after immunization with NP conjugated to ovalbumin 24 . Moreover, mice with transgenic expression of CLC, LIF or IL-6 show B cell hyperplasia and higher concentrations of serum antibodies of most isotypes 25, 46, 47 . Additional studies are needed to address these potential targets of IL-27p28 during GC formation.
The dysregulated production of inflammatory cytokines is associated with many autoimmune diseases. Thus, there has been considerable focus on understanding how cytokines interact with their receptor complexes to develop new approaches for managing inflammation. Specifically, identification of the important amino acid residues on the ligand surface that mediate binding is key for the development of mimics with specific biological properties, such as receptor agonists and antagonists. The observations reported here raise the question of whether IL-27p28 can be used as a therapeutic agent for the treatment of inflammatory conditions and malignancies that involve gp130-signaling cytokines. In support of that idea, a study has reported that IL-27p28-expressing myoblasts suppress an allogenic cytotoxic T cell response and prolong graft survival, a result suggested to be due to the ability of IL-27p28 to block IL-27 activity 28 . Notably, three reports have indicated that singlenucleotide polymorphisms in human IL-27p28 are associated with susceptibility to asthma and inflammatory bowel disease [48] [49] [50] , and in one study, lower production of IL-27p28 was associated with greater susceptibility to early-onset inflammatory bowel disease 49 . A lack of functional IL-27 to serve as an anti-inflammatory mediator in the lung and gut is one likely explanation for such findings. However, an alternative explanation for the greater risk of asthma and inflammatory bowel disease in these patients is that lower production of IL-27p28 leads to enhanced gp130 signaling in these settings. Moreover, there is compelling literature regarding intervention strategies that directly target STAT3 (refs. 51, 52) that would be beneficial for the treatment of inflammation-induced gastrointestinal cancers 53 and other forms of cancer 54 . However, STAT3 is a downstream effector of multiple signaling pathways (such as IL-6, IL-10, IL-11, IL-21, IL-23, IL-27, OSM, LIF, EGF, PDGF, HGF and leptin), and its inhibition would probably have broad effects. Therefore, the identification of inhibitors such as IL-27p28 that specifically antagonize IL-6 family-mediated activation of STAT3 would complement a small-molecule approach for the prevention or modification of ongoing disease.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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